glucose and [1-14C] acetate in brains of rats intoxicated with triethyltin sulphate.
The incorporation of 14C from glucose into glutamate, glutamine, y-aminobutyrate and aspartate was greatly decreased. The incorporation of 14C from acetate into these amino acids was unaffected. The experimental data indicated that the main action of triethyltin was to decrease the rate at which pyruvate formed from glucose is oxidized. Glycolysis was not inhibited. Changes in glucose metabolism in the brain are shown not to be directly due to hypothermia. Some of the advantages of measuring the labelling of intermediates at very short time intervals after the injection of the labelled glucose are demonstrated.
An interesting feature of metabolism in the adult brain is the different proportional distribution of 14C in those amino acids closely associated with the tricarboxylate cycle, depending on whether the radioactive precursor is glucose or one of several other compounds known to be metabolized via acetyl-CoA, which include acetate, butyrate and leucine. The last-named compounds all give rise to high labelling of glutamine relative to that of glutamate (see Berl & Clarke, 1970) . When [14C] . glucose is the precursor glutamate is more highly labelled than glutamine (Cremer, 1964; O'Neal & Koeppe, 1966) . A review of the literature, together with further evidence for the existence of two different tricarboxylate cycles in brain has been presented by Van den Berg, Krfzalic, Mela & Waelsch (1969) .
To date, quite a wide variety of drugs and toxic compounds have been shown to alter the distribution in brain metabolites of 14C from [14C]glucose (Bachelard & Lindsay, 1966; Minard & Mushahwar, 1966; Flock, Tyce & Owen, 1969) . However, far fewer studies have been made to test whether such agents alter the metabolism of those precursors that give rise to a high labelling of glutamine, of which acetate is an example (Berl & Frigyesi, 1969) . The present paper reports results of a comparative study in vivo of the metabolism of [2-14C] glucose and [1-4C] acetate in the brains of rats intoxicated with triethyltin sulphate. From earlier work in vitro with slices of rat cerebral cortex, it is known that triethyltin inhibits the oxidation of glucose but not that of added pyruvate or glutamate (Cremer, 1962 (Cremer, , 1967 . Since administration of triethyltin sulphate to rats at an environmental temperature of 20°C causes a fall in body temperature (Rose & Aldridge, 1966) some features of brain metabolism in relation to hypothermia were examined. A preliminary report of this work has been published (Cremer, 1969) .
METHODS
Animals. Male albino rats (7-8 weeks old, 190-210g body wt.) of the Porton strain were fed ad libitum on diet 41B (Bruce & Parkes, 1949) . At 10 a.m. animals were given triethyltin (10lmol/kg body wt., i.e. 10mg of triethyltin sulphate/kg body wt.) by intraperitoneal injection. At 12 noon animals that had received triethyltin 2 h earlier and control animals were injected with radioactive material into a tail vein. Each animal received either [2-'4C]glucose (5,tCi/100g body wt.) or [1-'4C]acetate (7.51UCi/100g body wt.) and 0.5mg of sodium acetate. The animals were guillotined such that the heads fell directly into liquid nitrogen. The frozen brains were homogenized in 6% (w/v) HC104, the protein was removed by centrifugation and the acid-soluble fraction neutralized to pH8.0 with KOH. The KC104 precipitate was removed by filtration, the filtrate was evaporated to dryness at 35°C and the dried brain extract dissolved in water. In some experiments, indicated in the text, the heads were not frozen but the brains were rapidly removed within 20s at room temperature, dropped into ice-cold 10% (w/v) trichloroacetic acid and homogenized. After removal of the protein the supernatant was washed three times with twice its volume of ether and evaporated to dryness.
Blood was collected from the trunk into beakers containing heparin (approx. 50 units per ml of blood).
Assay of metabolites. The concentrations of metabolites in blood and brain were determined by enzymic assay as described by Bergmeyer (1963) for L-lactate, L-glutamate and D-glucose by using hexokinase and glucose 6-phosphate dehydrogenase.
Separation of metabolites. Procedure 1. This procedure, for the separation of amino acids, was essentially the paper electrophoretic method of Biserte, PlaquetSchoonaert, Boulanger & Paysant (1960) . Electrophoresis was carried out on Whatman no. 1 paper in pyridine-acetic acid-water (1:3:750) buffer, pH3.5, for 90min at 30V/cm of paper. Tissue samples were run in duplicate, together with a standard solution containing glutamate, aspartate and y-aminobutyrate. After electrophoresis the papers were dried; a portion containing both a tissue sample and the standard amino acids was heated to 4000, dipped in a ninhydrin solution for quantitative measurement of amino acids and the colour was developed at 600C for 20min .
For the separation of glutamine, the fraction containing neutral amino acids from a column of AGI X 10 (C032-form) (see procedure 2) was hydrolysed overnight in 2.5M-HCI at 10400 to convert glutamine into glutamic acid. The hydrolysate was freed from HCI by repeated evaporation with additions of water and the glutamic acid was separated by paper electrophoresis.
Procedure 2. A preliminary separation of metabolites in brain extracts was made as described by Cremer (1964) by using AGI X1O (200-400 mesh; CO32-form) as described by Vrba, Gaitonde & Richter (1962) . The water washings contained glucose. The column was eluted with 0.1 m-HCI and a neutral fraction was collected containing the neutral amino acids. Further acidification eluted glutamic acid, aspartic acid and lactic acid. These were separated on a column (0.9 cm x 2.5 cm) of AG1 X 8 (200-400 mesh, acetate form) as described by Minard & Mushahwar (1966) , except that a Technicon Autograd (Technicon Instruments Ltd., Chertsey, Surrey, U.K.) was used for the gradient elution. Glutamine was converted into glutamic acid as described above and the glutamic acid was separated on an AG1 X8 (acetate form) column.
Measurement of radioactivity. Liquid-scintillation counting was used. (5) 1840±490 (4) 860±210 (4) 7260±300 (3) 6000±360 ( Table 4 . Similarly, the values given in Table 2 for animals killed at 180s show that all the amino acids measured had a lower specific radioactivity in the brains of animals given triethyltin. Therefore, all the experimental evidence points to a block in the conversion of glucose carbon into amino acids at a stage after glycolysis. Effects of hypothermia. Rats that were left at room temperature (18-20°C) after receiving triethyltin became hypothermic. The drop in body temperature of 4-50C could be prevented by maintaining the animals at an ambient temperature of 33°C (Rose & Aldridge, 1966) . Measurements of the amounts of several metabolites in the brains of hypothermic (at 180C) and coenothermic animals (at 330C) showed that the increase in glucose and decrease in glutamate still persisted when a decrease in body temperature was prevented (Table 5) . Likewise, the decreased labelling of amino acids from [2-14C]glucose persisted. In a group of three rats injected with triethyltin and kept at an ambient temperature of 33°C and killed 3min after an injection of [2-14C]glucose, the mean specific radioactivities (d.p.m./,umol) of the amino acids were 2460 for glutamate, 2330 for aspartate, 1140 for y-aminobutyrate and 920 for glutamine. These values should be compared with those given in Table 1 for non-frozen brains. Prevention of hypothermnia appeared slightly to raise the specific radioactivities of the amino acids but they were still all significantly less than the values for normal rats kept at approx. 180C.
Once 14C from glucose has entered glutamate, this amino acid can be considered the radioactive precursor of y-aminobutyrate, glutamine and aspartate. When the specific radioactivities of each of the three amino acids are compared with that of glutamate in the brain of the same animals, there were several differences between the control animals and those given triethyltin (Table 6 ). Table 6 also shows that whereas in control animals the relative specific radioactivities of aspartate and y-aminobutyrate were not significantly different from each other, they were in the brains of rats given triethyltin. This difference still persisted when hypothermia was prevented.
Approximate rate of flux of pyruvate to glutamate.
In both the normal rats and those given triethyltin, the specific radioactivity of lactate remained relatively constant between 30 and 180s (Table 4) . In control animals the rate was 1.3,umol/min per g of brain, whereas in animals given triethyltin the rate was 0.66,tmol/min per g of brain.
For a comparison of the rates in the two groups of animals this calculation is valid. However, the accuracy of the absolute values is questionable, mainly because of evidence that brain glucose breaks down to lactate after decapitation .
DISCUSSION
Some studies on glucose metabolism in the brains of rats given triethyltin sulphate were reported several years ago (Cremer, 1964) . The similarities between the results of the earlier and the present work on the effects of triethyltin on the brain are (1) the decrease in the amount of glutamate and (2) the increase in the amount of glucose that was inferred in the earlier work and confirmed by direct assay in the present study. Although the metabolism of [14C]glucose was followed in the earlier study, there were several features about the experimental design that can now be considered as unsatisfactory. These are as follows.
( 1) The results of the specific radioactivities of the amino acids labelled from [U-14C]glucose were unreliable because radioactivity measurements were made after reaction with ninhydrin. Correction for the loss of carbon was made on the incorrect assumption that the distribution of label in the carbon atoms of each brain amino acid was equal.
(2) Animals were killed at 7 and 30min after injection of [U-14C]glucose. No significant differences were found between the control and triethyltin-treated animals in the specific radioactivities of the amino acids. The present work shows that differences in rates of interconverions of metabolites are best detected within the first few minutes after the administration of a pulse label of radioactive glucose.
(3) Some of the complexities in the distribution of '4C with time, inherent in the use of [U-14C]-glucose, can be simplified by using glucose specifically labelled in the C-2 position.
Compartmentation of tricarboxylate cycles in brain.
Detailed studies by Van Gonda & Quastel (1966) and Nicklas, Clarke & Berl (1968) have suggested that fluoroacetate acts mainly on a tricarboxylate cycle that contains the smaller pools of intermediates and from which most of the glutamine is formed.
Triethyltin would seem to be an example of an inhibitor that preferentially acts on that tricarboxylate cycle which contains the larger pools of intermediates (see Berl & Clarke, 1970 for a discussion of the size of pools of intermediates). In particular, it inhibits the labelling of the 'large' pool of glutamate from which most of the y-aminobutyrate is formed.
Triethyltin is an inhibitor of processes involved in the conservation of energy both in mitochondria from mammalian sources (Aldridge, 1958; Aldridge & Street, 1968; Aldridge & Rose, 1969) and in chloroplasts (Lynn & Straub, 1969 Hypothermia. Rose & Aldridge (1966) showed that the decrease of 32p, incorporation into brain phospholipids, seen in rats given triethyltin, was due to the hypothermia it caused. In contrast, the increased content of brain glucose, diminished concentration of glutamate and decreased amino acid labelling from [2-14C]glucose were not overcome by preventing hypothermia. Elevated cerebral glucose contents in ether and pentobarbitone anaesthesia also persist when hypothermia is prevented (Hegab & Miller, 1968; Chowdhury & Spector, 1969) . Rates of glucose utilization. Glycolysis in brain is of major importance, but the rate at which it occurs in vivo is difficult to determine. In man and larger animals the rate can be equated with the rate of uptake of glucose from the blood as measured by arterio-venous differences. An average value of 0.3,umol/min per g of brain has been found (see Gaitonde, 1965) . The rate in smaller animals, such as the rat and the mouse, is probably higher. Gaitonde (1965) Since the change in specific radioactivity of blood glucose in the time-interval 30-90s was small, an approximate rate of glucose utilization by the rat brain can be calculated from the increase in d.p.m./g of brain between 30 and 90s divided by the average specific radioactivity of blood glucose during this period. For the control animals this gives a rate of 0.54,tmol of glucose/min per g of brain and for animals given triethyltin a rate of 0.64[tmol/min per g of brain. The rate of flux of pyruvate to glutamate (see the Results section) was calculated to be 1.3 ,umol/min per g of brain (equivalent to 0.65,umol of glucose) for control rats, and for animals given triethyltin the rate was 0.66 ,tmol/ min per g of brain (equivalent to 0.33,umol of glucose). In the control animals therefore, there is quite good agreement between the two sets of calculated rates, but there is a considerable discrepancy in the rats given triethyltin. When glucose utilization is calculated as described above for the time-period between 90 and 180s, the rate for the control animals is 0.6,umol of glucose/min per g of brain, whereas in the animals given triethyltin the rate is only 0.29/,mol/min per g of brain. In the control animals killed at 30s 75% of the total radioactivity in the brain is present as glucose plus lactate and only 5% is present as glutamate (Table 4) . By 180s 30% is present as glutamate and 42% as glucose plus lactate. The rate of glucose utilization calculated from the timeinterval between 30 and 90s will represent mainly glycolysis; the rate calculated from the 90-180s interval will include metabolism via the tricarboxylate cycle. In the control animals, as is to be Vol. 119 101 expected in a steady state, the rate is virtually the same during the two time-intervals. In the animals given triethyltin the rate during the 90-180s interval is only half that between 30 and 90s. This implies that the rate of glycolysis was faster than the functioning of the tricarboxylate cycle and therefore lactate would be expected to accumulate. Since the amount of lactate present in the brain was the same in both groups of animals, the possibility is raised that lactate was leaving the brains of the animals given triethyltin. The indication that the main action of triethyltin in the brain in vivo is to decrease the rate at which the pyruvate formed from glucose is oxidized is in agreement with the conclusion reached from studies in vitro with cerebral cortex slices (Cremer, 1967) . One of the main points of interest of the present findings is the lack of effect of triethyltin on [1 4C]-acetate metabolism. Some of the anomalies in the results obtained with slices, such as lack of inhibition of the oxidation of added pyruvate and glutamate (Cremer, 1967) , might be explained by the existence of metabolically distinct tricarboxylate cycles and selective inhibition by triethyltin of one of these. This particular tricarboxylate cycle is concerned with metabolism of the major portion of the pyruvate formed from glycolysis.
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